Pathologic evidence supports unique sex-specific mechanisms as precursors for acute cardiovascular (CV) events. Current evidence on long-term CV risk among women when compared with men based on measures of coronary artery calcium (CAC) remains incomplete. 
Introduction
For decades, epidemiologic data documented a higher case fatality rate for cardiovascular disease (CVD) among women when compared with men. 1 The higher CVD mortality for women led to many discussions regarding the underlying aetiology and whether varying precursor atherosclerotic plaque features contributed to more deaths among women. Pathobiologic and invasive angiographic evidence suggests that variable patterns of atherosclerotic plaque may be more common in women (i.e. plaque erosion vs. rupture). [2] [3] [4] Although this research is far from robust, a compilation of this evidence supports a sex-specific atherosclerotic plaque profile among women that includes a smaller plaque burden, less calcified plaque, and less obstructive coronary artery disease (CAD). 2, [5] [6] [7] [8] The data consistently report that despite less prevalent obstructive CAD, women have a higher acute and long-term mortality than men. 9 With the advent of advanced cardiac imaging techniques, such as computed tomography, detailed visualization of composition within atherosclerotic plaque has been the focus of recent research endeavours. For the evaluation of CVD risk among asymptomatic individuals, there is abundant data that a non-contrast, computed tomography measurement of coronary artery calcium (CAC) is highly predictive of major cardiac events and total mortality. 10, 11 We undertook an analysis to compare sex-differences in long-term CVD mortality based on detailed measurements of CAC atherosclerotic plaque from a large multicentre study of asymptomatic women and men.
Study Methods

Enrolment criteria
The CAC Consortium is a four-centre cohort which consecutively enrolled asymptomatic women and men undergoing CAC scans between 1991 and 2010. All patients were referred by a physician for CAC scanning to further refine CVD risk screening. Patients presenting with shortness of breath or other symptoms were excluded (n = 3421), leaving 63 215 patients for the current analysis. Site enrolment is detailed in our design manuscript. 12 In contrast to prior series focusing on all-cause mortality, 11, 13, 14 the CAC Consortium includes classification of CVD mortality.
Coronary risk factor and global risk score data Each site provided patient-level data on traditional cardiac risk factors such as age, dyslipidaemia, hypertension, diabetes, smoking, and a family history of coronary heart disease (CHD). Family history was defined as the occurrence of a CHD event prior to age 45 and 55 years of age, respectively, for a male and female first degree relatives. The PCE and Framingham risk scores were calculated for each participant. 15 The National Institutes of Health (NIH)-National Heart, Lung, and Blood Institute (NHLBI)-sponsored Multi-Ethnic Study of Atherosclerosis (MESA) risk score with and without CAC was calculated for all individuals. 16 
Coronary artery calcium measures
Standardized methods for calculation of the CAC Agatston score were employed by multiplying the area (mm 2 ) of CAC plaque by the categorical density of plaque in Hounsfield Units (HU) which ranges from 1 to 4 for 130-199 HU to > _400 HU. 17 The number of calcified coronary artery lesions and vessels were summed as well as the CAC volume score, measured in mm 3 , and average lesion size was calculated. Among a subgroup of 10 374 consecutively enrolled individuals, mean CAC density was available. Coronary artery calcium density and volume scores were divided into quartiles. 18 
Follow-up methods
Details of the follow-up methods are available in our design manuscript. 12 In brief, each enrolling centre identified patients who died during long-term follow-up via matching with the Social Security Administration Death Master File. Death certificates were catalogued to allow for additional classification as to underlying cause of death including CVD, cancer, or from all-causes (e.g. pulmonary disease, gastrointestinal disease, or injury) from the National Death Index based on ICD-9 and ICD-10 codes. 12 The median follow-up duration was 12.6 years (interquartile range = 10.9-14.2 years). A total of 919 CVD deaths were documented. Deaths attributable to all-causes (n = 3004), CHD (n = 496), and cancer (n = 1077) were also available.
Statistical methods
The primary comparison for this analysis was differences in long-term mortality between women and men. Categorical data were compared using a v 2 test while continuous data were compared using a t-test.
Time to event analysis was undertaken using univariable and multivariable Cox proportional hazards models. Survival analyses were calculated through long-term follow-up. The number at risk was reported at 5 year intervals for survival curves. Univariable and multivariable Cox proportional hazard models were devised including calculation of the hazard ratio (HR) and 95% confidence intervals (CI). Coronary artery calcium measures were highly correlated and collinear (r > 0.90), thus separate Cox regression models were undertaken. With exception, we explored a model including categorized variables including CAC lesion size > _15 mm 3 and > _5 CAC lesions (spearman's rho correlation = 0.70). Sex differences were examined using a first order test for interaction. We assessed the proportional hazards assumption by examining the constancy of the parallel plotted lines in the log-log graph and examining Schoenfeld's residuals. 11 Adjusted models included the PCE risk score; however, Cox models that included plaque density added covariates of CAC volume, hypertension, and dyslipidaemia, consistent with the analysis of Criqui et al. 18 The proportion of excess risk explained was calculated using this equation older, more often hypertensive, and had a family history of CHD; whereas men were more often smokers and obese. Nearly 21% of women as compared with 42% of men had a PCE score of >7.5%.
Coronary artery calcium measures
For women, 60%, 25%, 9%, and 5%, respectively, had a CAC score of 0, 1-100, 101-399, and > _400 ( Table 2 and Figures 1 and 2 ). For men, 37%, 34%, 16%, and 14%, respectively, had a CAC score of 0, 1-100, 101-399, and > _400. Of younger women <55 years of age, 77.2% and 18.5% had CAC scores of 0 and 1-100; rates higher than that of men (P < 0.0001). Across age deciles, women had a lower prevalence of detectable CAC ( Figure 1 ). An increase in the proportion of women with detectable CAC occurred at 46 years of age, nearly 10 years older than men. Across the CAC subgroups in Table 2 , women had fewer calcified lesions (P < 0.0001), fewer calcified vessels (P = 0.017), and a lower CAC volume (P < 0.0001). Among a subgroup of 10 374 enrolees with detectable CAC, women had higher mean plaque density values. The lowest quartile of CAC plaque density (131-171 HU) largely occurred within CAC scores of 1-100 ( Figure 2) . Coronary artery calcium scores > _400 had higher CAC plaque density without any cases of plaque density from 131-171 HU.
Cox models estimating mortality among women vs. men
Among women and men with a 0 CAC score, similar CVD mortality was reported ( Figure 3 , P = 0.67) ( Table 3 and Figures 3 and 4) . By comparison, among those with detectable CAC, the relative hazard for CVD mortality was 1.3-fold higher for women as compared to men ( Figure 3 ). Higher CVD mortality was reported for women as compared to men with two or more calcified vessels ( Figure 4) .
The relative CVD mortality hazard for CAC score subgroups of 1-100, 101-399, and > _400, respectively, ranged from 2.9 to 26.7 for women and 2.1 to 13.3 for men, respectively ( Table 3) . The sex interaction revealed that CVD mortality was higher for women with CAC scores >100. Supplementary material online, Table S1 reports Cox models estimating all-cause, CHD, and cancer mortality.
The AUC was greater for the integrated MESA risk score (including CAC scores) as compared to the MESA clinical risk score (without CAC scores) for women (0.824 vs. 0.812, P < 0.0001) and men (0.781 vs. 0.761, P < 0.0001).
Cardiovascular disease mortality models among women vs. men
Sex interactions were reported across the varying CAC measures. Women as compared to men with CAC in > _2 or more vessels had a higher CVD mortality (Table 3, P < 0.004). Also, when compared with men, higher CVD mortality was documented among women with CAC volumes >61.5 mm 3 ( Table 3) . A sex interaction was also reported for greater sized CAC lesions (P < 0.0001) (Supplementary material online, Table S2 ). Women with five or more calcified lesions also had a higher CVD mortality (Supplementary material online, Table S2 ).
In an exploratory analysis, we examined sex differences in CVD mortality among several CAC variables. For both women and men, , the adjusted mortality was calculated (Take home figure) . Take home figure plots the significantly higher CVD mortality among women with > _5 CAC lesions and larger lesions > _15 mm 3 ; significantly higher than men (interaction P < 0.0001).
Exploratory analysis estimating cardiovascular disease mortality by mean coronary artery calcium density
In unadjusted models, CVD mortality increased with higher mean CAC density quartiles as compared to women and men with 0 CAC scores (P < 0.0001) (Supplementary material online, Table S2) .
Stepwise Cox models revealed that the volume of CAC, however, was a greater estimator of CVD mortality than CAC density for women and men. When limiting the analysis to women with detectable CAC, only five CVD deaths occurred among women with mean CAC density values of 131-171 HU and, in adjusted models, was not predictive of CVD mortality (P = 0.51). However, in a similar adjusted model, men with mean CAC density values of 131-171 HU (1st quartile) had a hazard for CVD mortality of 3.9 (P < 0.0001) as compared to higher quartile values > _172 HU.
Discussion
From the CAC Consortium, we report for the first time on differences in long-term CVD prognosis for women and men across varied CAC measures beyond the Agatston score. Prior findings, including from our group, documented prognosis associated with the site of CAC plaque as well as the number of calcified lesions and epicardial vessels. 20, 21 The current analysis supports a variable profile of calcified plaque and differential prognosis among CAC measures, with women often having higher CVD mortality when compared with similar subgroups of men. Our findings support that higher risk status among women may by imparted by a more extensive burden of CAC, with numerous or multivessel CAC elevating CVD mortality risk higher than that of their male counterparts. We report on sexspecific mortality differences based on lesion size and further identify a high-risk subgroup of women. These findings from our large CAC Consortium support a sex-specific plaque phenotype impacting longterm risk in women as compared to men.
Coronary artery calcium plaque patterns among women and men
Current pathologic and invasive evidence supports a sex-specific atherosclerotic plaque profile among women that includes a smaller plaque burden, less calcified plaque, and less obstructive CAD. 2, [5] [6] [7] [8] 22, 23 It is hypothesized that the uniqueness of atherosclerosis among women may be aetiologic for sex differences in clinical outcomes. Few reports have examined components of the Agatston score or other measures of CAC extent. 18, 20, 21, 24 Several reports have examined long-term prognosis associated with the number of calcified vessels as additive to risk estimation. 21, 24 In the CAC Consortium, women had a smaller volume of calcified plaque and fewer calcified lesions when compared with men. In one example, women with an Agatston score of 101-399 had on average 7 calcified lesions as compared to nearly 10 lesions for men (P < 0.0001). But, interestingly, women within a given CAC score subgroup had fewer but larger sized calcified lesions (on average) when compared with men. It would be expected that the larger calcified lesions among women represent a more expansive plaque burden, given a smaller epicardial artery and that these larger CAC lesions may differentially impact prognosis. 13, 14, 25 Particularly, CAC encumbering multiple epicardial coronary arteries can provide data on diffuse atherosclerosis which is not be appreciated with the CAC score alone. 21, 24 In our analysis, women with two or more calcified vessels had a higher CVD mortality throughout more than 10 years of follow-up. Hypothetically, these larger lesions or more expansive 
Uniqueness of risk prediction among women
Recent consensus documents have focused on the importance of sex-specific evidence to improve CVD risk detection. 26 Findings from this large, multicentre cohort reveal a consistent pattern of elevated rates of CVD mortality among women with more extensive calcified plaque. We revealed that more extensive calcification across multiple epicardial vessels or involving larger volumes of calcified plaque was associated with higher CVD mortality among women when compared with men. This consistent pattern that the same extent of coronary calcification increased risk more for women than men has been similarly observed in coronary angiography whereby multivessel CAD often has a higher risk among women than men. 27, 28 However, CVD risk was uniquely imparted among women with larger sized CAC lesions. Two hypotheses may be proposed including the potential for a focal lesion within a less severe burden of CAD, with women commonly having less obstructive disease. Alternatively, the deposition of The mean and standard deviation (±) values are reported in each of the cell subgroups. The sex interaction P value is for each of the CAC measures listed in each row of this table.
a Comparative analysis using general linear model with subsets by sex and Agatston score subgroups. P value is a test for interaction of the Agatston score subgroups by sex. Explanatory variance (or r 2 ) was moderate and ranged from 0.38 to 0.53 for all measures. Non-parametric analysis comparing independent samples provided similar results.
Figure 2
Frequency of coronary artery calcium density quartiles (in Hounsfield Units) across coronary artery calcium score subgroups of 1-100, 101-399, and > _400 within a subgroup of 10 374 asymptomatic women and men enrolled in the CAC consortium. This subgroup was limited to enrolees with a coronary artery calcium score >0.
Sex differences in calcified plaque measures in estimating long-term mortality
CAC plaque of a larger size may be the result of sex-specific alterations in epicardial flow or blood biomarkers (e.g. higher levels of inflammation) previously reported as differential by sex. These larger CAC lesions may occur with absent, minimal, or high grade epicardial coronary stenosis; and thusly explain higher CVD mortality among women when compared with men. It also remains likely that the older ages of women provide a longer duration of exposure to risk markers and facilitation of plaque development. For women, higher risk findings have often been attributed to greater degrees of comorbidity and advanced age as aetiologic for increasing the relative hazard for CVD events in females when compared with males. 13, 25 However, a recent report from the MESA revealed that a CAC score >300 was significantly predictive of incident heart failure with preserved ejection fraction among women but not men. 29 Our findings and that of others support a working hypothesis that atherosclerotic plaque impairing vascular function and diastolic function may uniquely impact risk in women, even among those without obstructive CAD.
29,30
Explorations regarding plaque density and cardiovascular disease mortality
The Agatston score is calculated by multiplying the area of calcified plaque by mean CAC density. 17 Recent evidence, from the MESA, Take home figure Predicted cardiovascular disease mortality (cardiovascular disease mortality was calculated from a multivariable model that included coronary artery calcium lesion size and the number of lesions.) among women and men based on the number and size of calcified lesions. Among those with > _5 coronary artery calcium lesions, women with larger coronary artery calcium lesions > _15 mm 3 had 2.2-fold higher cardiovascu-revealed an inverse relationship between calcified plaque density and CVD and CHD events. Thus, the combining of plaque extent with density may mask certain at-risk patient subgroups. From the MESA, the lowest quartile of plaque density (80-223 HU) was associated with higher relative event hazard and, with more dense plaque, event rates declined. 18 From the CAC Consortium, the lower CAC density subgroup occurred mostly within lower CAC scores from 1-100. Only five CVD deaths occurred among women having lower plaque density scores (lowest quartile: 131-171 HU) and, in adjusted prognostic models, plaque density was not predictive of CVD mortality for women (P > 0.5) but was so for men. Several reasons may be postulated for the lack of predictive ability of CAC density among the subgroup of 2527 women, as less dense CAC plaque (131-171 HU) occurred more among younger women (<55 years of age), many of whom would be within the pre-or peri-menopausal state. Hypothetically, for younger women, preserved oestrogen status would impact plaque development and progression and, ultimately, CVD event risk.
Limitations of the evidence
Despite decades of evidence of higher case fatality rates and pathobiologic data supporting variable precursor plaque lesions for acute coronary events, our understanding of sex differences in atherosclerosis remains suboptimal. We noted a variable plaque profile with a greater size and extent of calcified lesions associated with worsening clinical outcomes for women; consistent with prior findings of elevated risk among females. However, the lack of detail on morbid events, followup imaging, and medical treatment would further contribute to our understanding of sex differences in atherosclerotic plaque. Importantly, the assessment of non-calcified plaque was not performed but may have improved CVD risk prediction. Menopausal history, pre-eclampsia, and gestational diabetes data were also not available. The defining of additional CAC measures, beyond the Agatston score, added a depth of detail to our report. However, as is consistent with many registries, uniformity in data collection was not possible and several CAC measures were not available in all enrolees.
Conclusions
The CAC Consortium represents the largest prognostic series reporting on detailed measures of calcified plaque and long-term follow-up, 15 allowing for evaluation of sex differences impacting longterm CVD mortality. Our reports are consistent with prior angiographic series 27, 28 that more diffuse and extensive atherosclerosis across multiple epicardial coronary arteries or encumbering larger plaque volume accelerates risk among women. Contributing features of larger CAC lesion sizes have yet to be previously reported and likely promote higher risk status for women. Prognostication based on atherosclerotic plaque density remains exploratory and its significance as a risk marker appears to be less so for women as compared to men. Findings, such as presented herein, provide critical evidence to support future lines of inquiry on sex differences in atherosclerotic plaque and its impact on long-term clinical outcomes.
